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Changes in predator diversity via extinction and invasion are increasing-
ly widespread and can have important ecological and socio-economic
consequences. Anticipating and managing these consequences requires
understanding how predators shape ecological communities. Previous
predator biodiversity research has focused on post-colonization processes.
However, predators can also shape communities by altering patterns of
prey habitat selection during colonization. The sensitivity of this non-
consumptive top down mechanism to changes in predator diversity is largely
unexamined. To address this gap, we examined patterns of dipteran ovipos-
ition habitat selection in experimental aquatic habitats in response to varied
predator species richness while holding predator abundance constant.
Caged predators were used in order to disentangle behavioural oviposition
responses to predator cues from potential post-oviposition consumption of
eggs and larvae. We hypothesized that because increases in predator richness
often result in greater prey mortality than would be predicted from indepen-
dent effects of predators, prey should avoid predator-rich habitats during
colonization. Consistent with this hypothesis, predator-rich habitats received
48% fewer dipteran eggs than predicted, including 60% fewer mosquito
eggs and 38% fewer midge eggs. Our findings highlight the potentially impor-
tant links between predator biodiversity, prey habitat selection and the
ecosystem service of pest regulation.1. Introduction
Species losses and introductions dramatically alter the diversity of ecological
communities, including the abundance and distributions of predators and
prey. Understanding the consequences of these changes requires a better under-
standing of the ways predators affect community structure, and ecosystem
function and services such as the regulation of pest species. Past research
on predator diversity and prey suppression has focused primarily on closed
experimental systems where the effects of predators are measured after prey
have colonized or been experimentally added to a habitat. This work highlights
that the combined effects of multiple predator species are often difficult to
predict from the independent effects of the constituent species [1] and that
increased predator diversity often results in reduced prey abundance (reviewed
by Griffin et al. [2]).
By focusing on post-colonization processes, past research on the effects of pred-
ator biodiversity has implicitly assumed that patterns of prey abundance result
from consumption by predators, and thus that prey colonize habitat, and commu-
nity structure builds randomly with respect to predators. However, there is
considerable evidence to the contrary; many organisms actively assess risk
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our understanding of predator effects, especially considering
habitat selection necessarily occurs prior to post-colonization
processes and therefore predator effects on habitat selection
may alter subsequent effects [8,9].
How should prey select habitat in response to predator
diversity? Adaptive response to predators requires that
prey can accurately assess risk. In natural multiple predator
communities, adaptive habitat selection may represent an evol-
utionary challenge as consumption by combined predator
species is often difficult to predict from consumption by con-
stituent species independently [1,2]. While predicting the
effect of combined predators is difficult, past research suggests
that across systems and taxa increased predator diversity often
results in increased prey suppression [2]. Therefore, we hypoth-
esized that habitat selection would also be sensitive to changes
in predator diversity, and we predicted stronger avoidance of
more diverse predator assemblages. We tested this prediction
by examining the oviposition habitat selection (OHS) response
of dipteran insects colonizing experimental habitats of varied
predator richness, but constant predator abundance.2. Material and methods
This study was conducted July–August 2014 at the Virginia Com-
monwealth University Rice Rivers Center (37.19055 N, 77.12021 W;
http://www.vcu.edu/rice/). We quantified mosquito and midge
OHS in response to invertebrate predators: larval Halloween
pennant dragonflies (Celithemis eponina), larval bluet damselflies
(Enallagma spp.) and first-year Procambarus crayfish (Procambarus
spp.). These taxa are seasonally abundant in James River rock
pools near Richmond, Virginia and use different foraging modes
and microhabitats [10,11], increasing the likelihood that their com-
bined effects will result in greater prey suppression [12]. We
conducted this experiment in 25 aquatic mesocosms (38 l Sterilitew
containers) filled with river water and 3 l leaf litter (litter compo-
sition detailed by Bellile & Vonesh [13]). Mesocosms were
arrayed in a square grid with 3 m between containers along the
edge of old field and forest habitats.
We randomly established five predator treatments: no preda-
tor, three separate low richness treatments each with three
individuals of one predator type and high richness with one indi-
vidual of each type. Each treatment was replicated five times each
in two time blocks, for a total of 50 experimental units. We caged
predators individually in screened enclosures to prevent egg
clutch consumption and intra-guild predation. Caged predators
were fed equal numbers [14] of Culex spp. mosquito larvae every
other day to generate predator cues (3–12 per feeding). We
counted and removed egg clutches of colonizing dipterans floating
on the water surface every other day for 8 days.
To test for the effect of predator richness on dipteran coloniza-
tion, we used a pair of complementary approaches. First, we tested
whether the observed oviposition in the predator-rich treatment
differed from predicted oviposition. Predicted oviposition was cal-
culated as the average of the low richness treatments, a common
approach [1] that assumes a linear relationship between predator
richness and prey oviposition. Second, treating predator richness
as a continuous predictor, we tested whether observed oviposition
declined with increasing predator richness. We also tested for
differences in prey responses to specific individual predator
species by comparing oviposition across all five predator treat-
ments. We accomplished these analyses using Poisson log-link
generalized linear model (GLM) followed by Tukey’s post hoc
tests (where appropriate). Temporal block and the distance of the
mesocosm from the forest edge were included as covariates in
our analyses.3. Results
A total of 188 mosquito egg masses, including 151 Culex spp.
and 37 Anopheles spp. masses, were oviposited in the exper-
iment. Previous mesocosm field studies show that colonizing
Culex at this location were 99% C. restuans and 1% a combi-
nation of C. quinquefasciatus complex and C. territans [15].
A total of 193 chironomid midge egg masses were oviposited.
Past studies at this site show that more than 90% colonizing
chironomids were Chironomus spp. [9]. In addition, 11 dipteran
egg masses that were oviposited could not be identified further.
Predators had strong effects on colonization. Culex spp.
(figure 1a), chironomid (figure 1c) and dipteran oviposition
(figure 1e) differed across treatments (table 1). Furthermore,
Culex (figure 1b), chironomid (figure 1d ) and dipteran ovi-
position (figure 1f ) all decreased with increasing predator
richness (table 1). Culex oviposition in the high richness treat-
ment was 60% lower than predicted (figure 1a; Z ¼ 22.224,
d.f. ¼ 39, p ¼ 0.0262). Culex oviposition declined 51% in
response to dragonflies and 45% in response to crayfish, rela-
tive to the predator-free control, and declined 69% in the high
richness treatment relative to the damselfly treatment (table 1
and figure 1a). Culex oviposition declined 76% across the
range of predator richness (figure 1b). Chironomid ovipos-
ition in the high richness treatment was 38% lower than
predicted (figure 1c; Z ¼ 22.127, d.f. ¼ 39, p ¼ 0.0334). Chir-
onomid oviposition declined 43% in response to damselflies,
relative to the predator-free control, and declined 50% in the
high richness treatment relative to the crayfish treatment
(table 1 and figure 1c). Chironomid oviposition declined
55% across the range of predator richness (figure 1d ). Total
dipteran oviposition in the high richness treatment was
48% lower than predicted (figure 1e; Z ¼ 23.851, d.f. ¼ 39,
p ¼ 0.0001). Total dipteran oviposition declined 37% in
response to dragonflies, 31% to damselflies and 27% to cray-
fish, relative to predator-free control, and declined 44%, 48%
and 51% in the predator-free control relative to dragonfly,
damselfly and crayfish treatments, respectively (table 1 and
figure 1e). Total dipteran oviposition declined 64% across
the range of predator richness (figure 1f ).4. Discussion
Here, we show that mosquitoes and midges reduce oviposition
in response to specific predators and that this alters the assem-
bly of aquatic dipteran communities. Further, holding predator
abundance constant, we see prey oviposition decreases with
increasing predator species richness and that the community-
level response to rich predator assemblages was stronger
than would be predicted from the responses to individual
predators. Increasing avoidance with increasing predator
diversity could arise through sampling effects, where the like-
lihood of including dominant taxa increases as a direct result of
increased richness, or through synergism where the response
to combined predators is greater than predicted from responses
to individual predators and is greater than the response to any
single predator species. The total dipteran response suggests
combined predators may affect prey oviposition in a synergistic
manner. However, mosquitoes and midges separately showed
responses to high richness mesocosms not significantly differ-
ent from some single predator treatments, so the possibility






































































Figure 1. Bar graphs show means and standard errors for number of mosquito (a), midge (c) and total dipteran (e) egg clutches oviposited per mesocosm per time block
among all treatments (ctrl, predator-free control; drfly, dragonfly; dmfly, damselfly; cryfsh, crayfish; and rich, high richness) and the predicted high richness response.
Letters above bars mark significant differences among all five predator treatments, while asterisks mark where the observed and predicted high richness responses differ.
Point-and-whisker plots show mean and standard error for number of egg clutches of mosquitoes (b), midges (d ) and total dipterans ( f ) per mesocosm per time block
along a gradient of predator species richness (0, predator-free control (n ¼ 10); 1, averaged single-species treatments (n ¼ 30); 3, high richness (n ¼ 10)).
Table 1. Treatment and predator richness effects given from Poisson log-link GLMs on oviposition by mosquitoes, midges and dipterans. Treatment effect GLMs
test the effects of categorical treatment on prey oviposition among predator-free controls, low richness and high richness treatments. Richness effect GLMs tested
whether there is a significant negative relationship between continuous predator richness and oviposition. GLMs for Culex oviposition contained distance from
the forest edge and time block as covariates, and for chironomids contained time block as a covariate.
treatment effects richness effects
F d.f. p-value Z d.f. p-value slope (s.e.)
Culex 28.15 4 ,0.0001 24.18 49 ,0.0001 20.45 (0.109)
Chironomidae 15.41 4 0.0039 23.18 49 0.0015 20.27 (0.083)
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consumptive effects on prey and will act as an initial filter to
community assembly.
Why did prey more strongly avoid our high richness treat-
ment? We can think of three possible mechanisms. First,
recent meta-analyses show that on average more diverse pred-
ator assemblages result in increased prey suppression, i.e.
greater risk to prey [2]. Generally avoiding predator-rich habi-
tats may thus be an adaptive oviposition strategy, even if prey
are unable to accurately assess the specific risk of a particularpredator assemblage. Alternatively, prey may be able to
respond adaptively to risk presented by specific predator
assemblages. Avoidance, then, should increase only for specific
predator assemblages that exhibit synergistic combined preda-
tion, and prey should be neutrally affected by, or attracted to
antagonistic predator assemblages. This would require prey
to be able to finely assess risk. Some prey do show specific
responses to predators [16,17] and can integrate multiple cues
during colonization [5]. Therefore, fine-tuned assessment of
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if (i) oviposition declines nonlinearly (e.g. negative exponen-
tially) with increasing abundance of individual predator taxa
[18,19] and (ii) responses to different predator taxa combine
independently. If both conditions hold, the addition of individ-
uals of unique predator taxa would likely yield stronger
avoidance by prey than subsequent additions of individuals
of the same predator taxon. Distinguishing among these mech-
anisms will require experiments with multiple predator-rich
assemblages and an understanding of the shape of the predator
abundance/oviposition avoidance relationship.
Non-consumptive interactions between predators and their
prey are appreciated as a key factor shaping aquatic commu-
nities and their functions [20,21]. This experiment extends
previous research demonstrating that non-consumptive effects
of predator species richness may alter colonization patterns,
influencing community assembly and structure [8,9]. Interest-
ingly, previous work in some instances may have confounded
predator consumption with predator avoidance, as both pro-
duce the same pattern, lower prey abundance. However, there
are important distinctions. Increasing prey avoidance with
increasing diversity may locally reduce prey abundance, but
colonization may be redirected elsewhere regionally [22].
While previous research may have highlighted that increasing
predator diversity can increase prey mortality [2], here we
show that in an open system increased diversity resulted
in increased avoidance of predator patches and thus mayactually reduce predation. While further research examining
the mechanisms underlying our observations is needed, our
results highlight the potential importance of predator diversity
in shaping community assembly, and ecosystem services such
as pest regulation by altering patterns of prey habitat selection.
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The penultimate sentence in the Results section contains an error. The sentence ‘ . . .
declined 44%, 48% and 51% in the predator-free control . . . ’ should instead read
‘ . . . declined 44%, 48% and 51% in the high-richness treatment . . . ’. The correct
sentence is given here in full:
Total dipteran oviposition declined 37% in response to dragonflies, 31%
to damselflies and 27% to crayfish, relative to predator-free control, and
declined 44%, 48% and 51% in the high-richness treatment relative to dragonfly,
damselfly and crayfish treatments, respectively (table 1 and figure 1e).
This does not affect our results or conclusions. We apologize for any
confusion caused.
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